• Flow cytometry and cell sorting were used to study cell injury in L. monocytogenes.
growth despite having a high level of membrane intact cells. The lag phase duration (λ) of sorted stress injured cells resuscitated in brain heart infusion (BHI) broth was significantly influenced by strain variations (p < 0.0001), stress treatments (p = 0.007) and temperature of resuscitation (p ≤ 0.001). Following repair, the maximum specific growth rate (μ max ) of resuscitated cells was not different from untreated control cells regardless of strain differences and stress treatments. Only temperature had a significant effect (p < 0.0001) on growth rate.
Sorted cells were also capable of growth at 4 °C, with the time to detectable growth (≥1.40
Log 10 CFU ml −1 ) ranging from 3 to 15 days. Overall, re-growth potential of sorted cells
showed that while membrane integrity was a good indicator of cell injury and viability loss for acid and osmotic stress, it was not a sufficient indicator of heat stress injury. Once injured cells repair the cellular damage, their growth rate is not different from non-injured cells regardless of form of stress and strain differences. Thus highlighting the potential food safety risks of stress injured L. monocytogenes cells.
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Introduction
Listeria monocytogenes is a Gram-positive anaerobic facultative non-spore forming rod that is widely distributed in nature. The bacterium is the causative agent of the human disease listeriosis, an infection commonly associated with the consumption of contaminated minimally processed and processed ready to eat (RTE) foods (Aureli et al., 2000; Olsen et al., 2005) .
Owing to its ubiquity, the organism is easily associated with raw foods of both plant and animal origin (Jamali, Radmehr, & Thong, 2013; Wang et al., 2013) . From raw food materials, L. monocytogenes readily colonizes and establishes persistence in food processing equipment, and associated environment (Muhterem-Uyar et al., 2015; Pagadala et al., 2012) forming a major reservoir for the subsequent contamination of finished products Strydom, Bester, Cameron, Franz, & Witthuhn, 2013) .
The persistence of L. monocytogenes in food processing environments and its subsequent ability to overcome preservation hurdles associated with RTE foods is key to its pathogenesis (Jensen, Williams, Irvin, Gram, & Smith, 2008; Kastbjerg, Larsen, Gram, & Ingmer, 2010; Silva et al., 2015) . Cell populations surviving in such environments are chronically exposed to sub-lethal physical and chemical stresses such as reduced a w , pH, and temperature shifts as well as nutrient stress (Dalzini et al., 2015; Giaouris, Chorianopoulos, & Nychas, 2014; Sadeghi-Mehr, Lautenschlaeger, & Drusch, 2016) . Due to individual cell heterogeneity, response to such chronic sub-lethal stress exposure varies among sensitive and resistant cell subpopulations resulting in a mixture of bacterial cells in various physiological states (Casadesús & Low, 2013; Ryall, Eydallin, & Ferenci, 2012) . Stress sensitive cell populations exhibit a partial and reversible damage to the structural and functional cellular components and hence exist a sub-lethally injured state (Wesche, Gurtler, Marks, & Ryser, 2009; Wu, 2008) .
The occurrence of sub-lethally injured cells of pathogenic bacteria has huge implications in food safety since such cells require a period of repair in non-selective media before the pathogen can be detected by conventional selective techniques (Wu, 2008) . Detection therefore is influenced by the extent of injury and rate of repair. Following a sub-lethal stress exposure, the occurrence of injured cells in mixed populations with live undamaged cells makes it difficult to study their resuscitation and growth behavior as their response is often masked by the latter. This problem is made worse by the occurrence of such cells in low numbers and often in complex microbial communities (Waage, Vardund, Lund, & Kapperud, 1999) .
Flow cytometry and Fluorescence Activated Cell Sorting (FACS) allows for the quantitative measurement of optical characteristics of individual cells passing through a focused light beam (Veal, Deere, Ferrari, Piper, & Attfield, 2000) . When coupled with fluorescent labeling, the technique allows for the differentiation of cell subpopulations in various physiological states (Kennedy, Cronin, & Wilkinson, 2011) . As an indicator of cell viability, injury or death, bacterial cells are often subjected to a double staining protocol using nucleic acid binding dyes excitable with laser but with different emission spectra (Joux & Lebaron, 2000; Veal et al., 2000) . A combination of membrane permeant dyes such as arcidine orange, thiazole orange, ethidium bromide, 4',6-diamidino-2-phenylindole (DAPI) and SYBR green (Martin, Leonhardt, & Cardoso, 2005; Perfetto et al., 2006; Shapiro, 2001 ) with impermanent dyes such as propidium iodide, TO-PRO-3, SYTOX green (Mortimer, Mason, & Gant, 2000; Novo, Perlmutter, Hunt, & Shapiro, 2000) allows for the differentiation of bacterial cell physiological states on the basis of membrane integrity (da Silva, Piekova, Mileu, & Roseiro, 2009; Díaz, Herrero, García, & Quirós, 2010) . Because of their compromised membranes, injured cells are distinguished by their ability to take up both stains and therefore show strong fluorescence of both permeant and impermeant dyes. The addition of FACS allows the differently stained cells to be recovered as separate subpopulations. This is a microfluidics based cell separation technique used to separate cells with rare phenotypes from complex ecological communities and heterogeneous populations (Bhagat et al., 2010; Gossett et al., 2010) allowing for subsequent study of such unique features in isolation.
While the stress response of L. monocytogenes has been extensively studied, models for the behavior of stressed cells in food systems are often based on heterogeneous mixtures of live and injured cells with the response taken to represent the average for the whole population. Given the heterogeneity of such populations, the response of sub-lethally injured cells is often underestimated thus impacting on the safety of RTE foods where L.
monocytogenes has a potential of resuscitation and growth. In this study, the effect of sublethal acid, heat and NaCl stress response of food-borne L. monocytogenes strains was investigated using flow cytometry. Sub-lethally injured subpopulations based on a double fluorescent staining were recovered by FACS and their resuscitation and growth kinetics in broth were studied under different temperatures.
Materials and methods

Bacterial strains
The strains of L. monocytogenes used in this study included three isolates (69, 159/10 and 243) obtained from the Department of Food Science and Biotechnology, University of Free State, Bloemfontein, South Africa, having been isolated from an avocado processing plant (Strydom et al., 2013) as well as strain ATCC19115. The strains were positively confirmed as L. monocytogenes by matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry (Bruker, Germany) with Spectral Archiving and Microbial Identification System (SARAMIS™) (Anagnostec, Potsdam, Germany) database. Stock cultures of the strains were maintained in cryovials of 25% glycerol at -80ºC. The cultures were activated by inoculating 100 µl of stock culture into 10 ml of brain heart infusion (BHI) broth (Oxoid, Hampshire, UK) and incubation at 37ºC for 24 hours.
Stress treatments and induction of injury
Cultures of test organisms were subjected to acid, salt and heat stress in order to induce cell injury. Working cultures were prepared by transfer of 100 µl of activated culture into 10 ml of BHI broth and incubation at 37ºC for 18 hours which was repeated twice before exposure to stress. For stress exposure, cultures were centrifuged at 5000 g for 10 minutes in 2 ml microcentrifuge tubes (Eppendorf, Hauppauge, USA Plates were incubated at 37ºC for 48 hours and viable cell counts were used to calculate percentage injury using the following equation (Busch & Donnelly, 1992) .
(1)
Preparation of cell suspensions and staining
After each stress treatment, cell suspensions were centrifuged at 5000 g for 10 minutes and washed twice with sterile PBS. The cell pellets were re-suspended in PBS and diluted to a cell density of 10 6 to 10 7 cells/ml. A 0.5 ml of diluted cell suspension in sterile flow cytometry tubes was then stained with 5 µl of 0.42 μM thiazole orange (TO) (BD Biosciences, San Jose, USA) solution in dimethyl sulfoxide (DMSO) and 5 µl of 4.3 mM propidium iodide (PI) (BD Biosciences) solution in water. Stained cells were incubated at room temperature in the dark for 10 min. Positive controls consisted of untreated overnight cultures of each test organism.
The cultures were centrifuged at 5000 g for 10 minutes, washed twice with sterile PBS and stained with TO/PI. As negative controls, cells from fresh overnight cultures were suspended in 70% ethanol for 30 minutes at room temperature. The ethanol killed cells were recentrifuged at 5000 g for 10 minutes, washed twice and re-suspended in sterile PBS followed by staining with TO/PI.
Flow cytometry analysis
Flow cytometry analysis was performed using a flow cytometer ( (Arku, Fanning, & Jordan, 2011) . To avoid overlap in the emission spectra of the two fluorochromes, controls consisting of live unstained, live TO stained and dead ethanol treated PI stained cells were used for fluorescence compensation. In order to exclude cell doublets and clumps, a plot of FSC-H vs FSC-A was done for every analysis (Wersto et al., 2001) . Cells that were not along the diagonal cluster of the FSC-H vs FSC-A plot were gated out and excluded in the analysis. The percentage of cells for each subpopulation was determined as the number of events in each gate as a proportion of the total number of events.
Sorting of subpopulations
The cell sorting process was done using a BD FACSAria™ cell sorter (BD Biosciences), following the procedure described by Le Roux et al. (2015) with conditions and parameters as previously described by Kennedy et al. (2011) . Before sorting, the cell sorter was calibrated using the standard protocols of BD BioSciences. The stream was calibrated using the Accudrop delay function. This was followed by checking the sort accuracy and purity using the purity function. Accuracy and purity were tested by using internally labeled fluorescent beads (cytometer setup and tracking (CST) beads, BD BioSciences) excitable with 488 nm laser. After sorting approximately 40,000 beads for each subpopulation, the sorted beads were re-analyzed to determine the sort efficiency which was confirmed to be > 99% at all times. and propidium iodide resulting in the cells emitting high fluorescence of both red and green fluorescence in both FL1 and in FL3 channels (Tamburini et al., 2013) . Cells were sorted using a two way sort into separate sterile 5 ml flow cytometry tubes with filter-sterilized PBS as sheath fluid, a 70 µm nozzle, a drop delay of 52 -56 and a sort rate of 500 eps. Sorting was stopped after achieving a target of 10,000 events for the membrane damaged cell subpopulation. A sort of untreated intact cells was used as positive control.
Resuscitation of injured cells and growth kinetics
After sorting 10,000 events (10 4 cells) in about 200 -500 µl of sterile sheath fluid, the volume was adjusted to 1 ml using sterile PBS (pH 7.3) to give a suspension with a cell density of 10 4 cells/ml. An aliquot of 100 µl was used to inoculate 10 ml of BHI broth which was subsequently incubated at 37ºC, 25ºC and 4ºC. Resuscitation and growth of injured cells was monitored by viable counts at intervals of 1, 2, 4, 8, 12, 18, 24, 30 hours for tubes incubated at 37ºC and 25ºC. Recovery at 4ºC was monitored at intervals of 3, 5, 10 and 15 days. At each sampling time, dilutions were made in maximum recovery diluent (0.1% peptone (Biolab, South Africa) and 0.85% NaCl (Merck) in distilled water), plated on BHI agar and incubated at 37ºC for 48 hours. The Log 10 transformed growth data were fitted to the growth model of Baranyi and Roberts (1994) using DMFit version 3.5 Excel add-in software to determine specific growth rate (µ max ) and lag phase duration (λ). The limit of detection was 1.40 Log 10 CFUml -1 . Positive controls of live intact
Recovery of sorted cells by plate counts
In order to check the re-growth ability of sorted cells, 100 µl of the sorted cell suspension was diluted with 900 µl of sterile maximum recovery diluent and inoculated onto BHI agar immediately after sorting. Inoculated plates were incubated at 37ºC for 48 hours.
Data analysis
All experiments were repeated three times. Analysis of variance (ANOVA) (α = 0.05) was used to determine the effect of strain, stress treatment, and temperature factors on percentage injury, lag phase duration and growth rates of L. monocytogenes. For multiple comparisons, ANOVA with Tukey's HSD test for correction in GraphPad Prism 6.0 was used to test for any significant differences between strains and stress treatments. A significance level of 0.05 with adjusted P values was used in each case. A heat map exploring the relationship between percentage injury, lag phase duration, and growth rate was constructed using Xlstat 2016 statistical package version (Addinsoft, New York, USA) after normalization of the data.
Results
Stress induced injury by differential plating
The percentage of L. monocytogenes injury after exposure to osmotic, acid and heat stress based on differential plating on BHI agar and PALCAM agar is shown in Fig 1 showed a consistent lack of ability to grow on PALCAM agar after exposure to all forms of stress and therefore had an injury percentage of 100%, significant differences (p < 0.0001) in the degree of injury were observed among L. monocytogenes strains in response to the three forms of stress for strains ATCC19115, 159/10 and 243 (Table 1) . (Fig. 3A) , followed by heat (Fig. 3C ) and osmotic stress ( differential plating, the degree of cell injury by flow cytometry was significantly influenced (p < 0.0001) by stress treatment and strain of L. monocytogenes (Table 1) . Osmotic stress resulted in the lowest degree of cell injury for all strains (17.5 -26.6%) (Fig. 4) with most of the surviving cells in the intact cell gate (Fig. 3B) . Strains ATCC19115 and 243 displayed a high susceptibility to acid stress with 79.1% and 71.6% injury respectively (Fig. 4) which included some of the cells in the dead cell gate (Fig. 3A) .
Stress induced injury by flow cytometry and differential staining
Contrary to the high degree of injury observed for strain 69 with differential plating, flow cytometry showed that the same strain had consistently the highest proportion of membrane intact cells and low percentage injury (Fig.3 and Fig. 4 ).
Re-growth potential of sorted cells on BHI agar
After cell sorting, the growth potential of injured cells was assessed by their ability to form colonies on BHI agar (Table 2) . Sorted acid and NaCl treated cells were all capable of regrowth although the proportion of cells capable of re-growth as a percentage of sorted cells was significantly lower (p ≤ 0.05) for strains ATCC19115 and 243. Among heat injured, only strain 69 cells were capable of re-growth.
Lag phase duration (λ) of resuscitating injured cells
The lag phase duration for resuscitating injured cells was significantly influenced by variations among L. monocytogenes strains (p < 0.0001), form stress treatment (p ≤ 0.007), and resuscitation temperature (p ≤ 0.001) ( Table 5 ). At 25ºC, λ values were 4.51 -9.14 and 3.26 -9.22 days for acid and osmotic stress injured cells respectively (Table 3) . When resuscitated at 37ºC, the same cells had λ values of 1.96 -7.15 and 0.50 -7.14 days respectively. When individual strains were compared, L. monocytogenes strain 69 had the shortest lag phase duration (p < 0.05) at 37ºC for its acid and osmotic stressed cells (Table 4) while strains with a high susceptibility to stress (ATCC19115 and 243) had longer periods of injury repair. λ values for unstressed control cells could not be determined by the DMfit software owing to their quick commencement of growth (Tables 3 and 4) .
Maximum specific growth rate (µ max ) of resuscitated cells
The temperature of incubation had a significant effect (p < 0.0001) on the maximum specific growth rate of resuscitated L. monocytogenes cells (Table 5) (Tables 3 and 4) . However, when compared to their respective untreated controls, µ max values for injured cells at 25ºC were significantly higher (p < 0.05) for strains 69, 159/10 and 243 (Table 3) . 
Recovery of injured cells at 4ºC
Heat map clustering of cell injury, lag phase duration and growth rate
Heat map clustering of cell injury, lag phase duration and growth rate (Fig. 5) showed that the response clustered into three main groups indicating an association between percentage injury of individual strains and lag phase duration. Strain 69 which had a low percentage cell injury tended to have a short lag phase duration at both 25ºC and 37ºC. In addition, strains with a high degree of cell injury particularly related to acid stress tended to have with long lag phase durations.
Discussion
The objective of this study was to examine the effect of stress induced cell injury on the resuscitation and growth behavior of resuscitated L. monocytogenes cells following cell sorting. The initial step in the study was to assess the degree of stress induced injury based on differential plating and flow cytometry. This was followed by recovery of injured cells by FACS sorting and their re-growth in BHI broth.
On the analysis of stress imposed injury, both methods showed significant differences in response among L. monocytogenes strains and also among stress treatments. No clear patterns of response were observed with the plate count method with the most conspicuous observation being the high percentage of injury (100%) recorded for strain 69 (for all stress treatments) and heat stressed ATCC19115, which manifested as a complete lack of growth on selective media after stress exposure. In contrast to flow cytometry and differential staining, a clear pattern of response was observed in which acid stress caused the highest degree of cell membrane damage with osmotic stress causing the least, regardless of strain. The complete cell injury of strain 69 (based on plate counts) was unexpected given that ≤ 40% of the cells (for all forms of stress) were identified as membrane damaged by flow cytometry. Possible reasons for this observation could be that stressed non-injured cells may be susceptible to selective agents incorporated in selective media. The presence of acriflavine, nalidixic acid and lithium chloride in PALCAM agar has been shown to be inhibitory to some stressed L. monocytogenes strains (Liamkaew, Thipayarat, & Saranak, 2014) . This result emphasizes the drawbacks of culture based methods for detection of sub-lethal injury as it implies a potential for over-estimation of injury and under-estimation of live cells (Van Nevel et al., 2017) .
However, in some cases, the two methods showed a good agreement in detection of injury. For instance, the 100% injury for strain ATCC19115 (lack of growth on selective media) was strongly supported by cytometric data which revealed that 73% of the cells were injured with about 12% of the population dead. Positive correlation between the two methods has been reported in previous studies (Massicotte et al., 2017) .
Differences in percentage injury among the three stress treatments based on flow cytometry and differential staining are likely an indication of differences in mechanism of antimicrobial action and extent to which the stress exposures affect cell membrane integrity.
The high degree of injury arising from acid stress is likely related to the antimicrobial mechanism of lactic acid. While acid stress is not associated with direct degradation of cell membrane structural components (Wood, 1999) , the increased influx of protons (associated with acid exposure) disrupts the trans-membrane potential thereby affecting the proton motive force and membrane permeability (Alakomi et al., 2000) . This explanation has been supported by previous studies using flow cytometry and membrane permeability markers which showed that lactic acid can increase membrane permeability in Gram-negative bacteria (Alakomi et al., 2000) . The resultant effect on membrane permeability could be the cause of the increased uptake of PI by acid stressed L. monocytogenes cells.
The low percentage of cell injury resulting from NaCl stress is a reflection of the intrinsic salt resistance of L. monocytogenes. Previous studies have reported the ability of L. monocytogenes strains to survive and grow in high NaCl containing media (Bergholz, de Bakker, Fortes, Boor, & Wiedmann, 2010) . The effect of osmotic stress on bacterial cells arises from changes in hydrostatic pressure that results in cell membrane tension and bilayer deformations (Wood, 1999) . The low level of injury implies that the effect of the osmotic stress was not sufficient to cause any significant influence on membrane permeability resulting in a low level of PI uptake by stressed cells.
Except for L. monocytogenes ATCC19115, the level of heat induced injury was ≤ 40%.
Heat stress response of L. monocytogenes has been shown to vary considerably among strains from different serotypes (Aryani, de Besten, Hazeleger, & Zwietering, 2015) . Apart from the cell membrane, heat stress affects several other cellular targets such as enzymes, RNA and DNA (Kramer & Thielmann, 2016) . Using a multi-method approach, Kramer and Thielmann, (2016) The lag phase duration of FACS sorted injured cells, resuscitated in BHI broth varied significantly with temperature, stress treatment and strains of L. monocytogenes. In bacterial growth kinetics, the lag phase duration is a measure of the time a bacterial population takes to commence exponential growth following a transition to a new environment (Swinnen, Bernaerts, Dens, Geeraerd, & Van Impe, 2004) . The duration of this period is influenced by the physiological state of the cell population prior to environmental change (Augustin, Rosso, & Carlier, 2000) . The shorter lag phase at 37 °C could be a result of a quicker rate of repair which is associated with the rate of initiation of protein synthesis, in particular the enzymes necessary for the synthesis of membrane lipids needed for repair of damaged cell membranes (D. García, Mañas, Gómez, Raso, & Pagán, 2006) . With the exception of strain 69, the lag phase duration of resuscitating acid and osmotic stress injured L. monocytogenes was at least 4.5 h at 25 °C and 4.1 h at 37 °C which was expectedly higher than non-injured control cells.
The extended length of the lag phase for injured cells results from the need to resolve cell damage before cells can commence division. In addition to cell membrane damage, which was the basis of cell sorting, stress induced cell injury can result in damage to other functional components of the cell such as DNA, RNA and membrane potential (Chilton, Isaacs, Manas, & Mackey, 2001) . Resuscitation of such injured cells has been shown to depend on the degree of damage which is influenced by the magnitude of stress (Mellefont & Ross, 2003) . The short lag phase of strain 69 was particularly unique from the other three strains. The quick recovery of this strain appeared to be consistent with its low percentage of membrane damage after stress exposure.
Unlike acid and osmotic stress, heat injured cells of strains ATCC19115, 159/10 and 243 were unable to re-grow under any conditions when sorted into BHI broth. This indicates that in addition to membrane damage, heat stress results in damage to other cellular targets such as proteins, DNA, rRNA, ribosomes, respiratory processes and electron transport chain (Kramer & Thielmann, 2016) . The fact that membrane intact cells were detectable after heat exposure is an indication that heat induced disruption of cellular processes occurs before membrane damage (Kramer & Thielmann, 2016) . This signifies that membrane integrity alone is not a sufficient indicator of injury and viability of heat stressed cells.
The long lag phases of resuscitating L. monocytogenes cells have huge implications for the detection of injured cells in food systems. For effective detection, bacterial concentration must reach about 10 2 to 10 4 CFU ml -1 in the enrichment broth (Dupont & Augustin, 2009) . In this study, the inoculation level of injured cells was meant to achieve a cell density of 10 2 cells/ml in the growth medium. However, in the case of acid injured cells, the proportion of cells capable of growth dropped below the detection limit of 1.40 Log 10 CFU ml -1 for the first 4 h.
This initial response is perhaps due to the fact that individual cell variation influences the probability of growth post stress exposure. Dupont and Augustin (2009) , observed that stress exposure reduces the growth probability of individual cells of L. monocytogenes in half-fraser broth. This highlights the importance of including a step of injured cell repair in a nonselective enrichment broth before selective enrichment in pathogen detection methods.
The growth rate of resuscitated L. monocytogenes showed no variation among strains and was expectedly lower at 25 °C than at 37 °C. Growth rate differences between 25 °C and 37 °C, reflect temperature dependence of growth processes in exponential phase. Within the growth permitting temperature range, bacterial growth rate is influenced by the rate of biological reactions which follow first order kinetics, a situation that has been observed for L.
monocytogenes growth in foods (Lee et al., 2014) . In addition, at temperatures below optimum, reduction in cell membrane fluidity lowers nutrient affinity which subsequently reduces growth rate (Nedwell, 1999) .
The importance of L. monocytogenes as a pathogen in RTE foods arises from the fact that refrigeration is invariably used as a terminal hurdle in preservation of such foods and yet the organism is a psychrotroph capable of growth at refrigeration temperatures (Schmid et al., 2009 ). After inoculating 100 cells/ml of injured cells into BHI broth at 4 °C, the number of cells capable of growth dropped below the detection limit of 1.40 Log10 CFU ml -1 in the first 5 days except for strain 69. Considering that the stress treatments and subsequent sorting and 
Conclusions
This study underscored the importance of flow cytometry in the study of stress imposed cell injury and the potential of FACS cell sorting in the study of injured cells.
Generally, flow cytometry and fluorescent staining with membrane integrity indicator probes showed a clear pattern of response with acid stress causing the highest level of injury followed by heat and osmotic stress. Lack of re-growth of FACS sorted heat injured cells showed that while membrane integrity was a good indicator of cell injury and viability loss for acid and osmotic stress, it was not a sufficient indicator of heat stress injury. The length of the lag phase duration (indicating repair period) is the major difference in the resuscitation behavior of L. monocytogenes strains. Once injured cells repair the cellular damage, their growth rate is not different from non-injured cells regardless of form of stress and strain differences. Thus highlighting the potential food safety risks of stress injured L. monocytogenes cells.
